Abstract. The paper presents the results of research in lightweight concrete with open structure made using a lightweight porous foam-glass aggregate produced from recycled glass powder. The goal was to develop lightweight concrete. In order to achieve the best possible properties while reducing binder content, the concrete was reinforced with by-product fibres, which helped reduce the weight of the concrete while delivering satisfactory mechanical properties. In the paper are proposed lightweight concrete with open structure made using foam-glass aggregate. Mechanical, thermal-insulating and acoustic properties were determined on lightweight concrete. Designed concrete is only made of crushed lightweight foam-glass aggregate with a combination of Portland cement with the option of adding recycled PET fibres. The new concretes possess a very good ratio of thermal insulation to mechanical properties as well as good sound absorption.
Introduction
Concrete is nowadays one of the most widespread building materials and is indispensable for modern civil engineering. As the industry develops, hand in hand with the performance requirements for building materials, lightweight concrete has assumed a position where it cannot be replaced by any other kind of concrete. Lightweight concrete combines thermal insulation and acoustic properties with good mechanical properties and thus can be used in the construction of new types of single-layer structures with multifunctional properties. The reduced bulk density of this concrete saves material and energy during construction.
Depending on the requirements, there are several methods of manufacturing lightweight concrete. The most common means of weight reduction is using a lightweight filler instead of a dense aggregate. This filler is usually a lightweight aggregate. It can be natural or artificially manufactured. Artificial aggregates are used especially in cases where no sources of natural aggregate are available. One such material is foam glass, which is made from recycled glass powder.
Foam glass is manufactured artificially and is a very good source of lightweight aggregate. There are several varieties of lightweight foam glass aggregate, depending on manufacturing technology. They can be round pellets or sharp, angular particles produced by crushing larger sheets of foam glass. Both methods yield different fractions, which are then separated into broad or narrow according to need. This is important for optimal formula design, specifically, the correct particle size distribution.
Foam-glass aggregate has properties that make it suitable for use in both reinforced and non-reinforced applications, specifically fills, foundation insulation, or concrete aggregate [1] , where it provides a considerable weight reduction and alters both fresh-and hardenedstate properties. The aggregate reduces bulk density and thus improves thermal insulation properties far above traditional concrete that uses natural dense aggregate [2] . A disadvantage of foam-glass aggregate are typically poorer mechanical properties, resulting from the reduced bulk density because aggregate is a dominant component of every concrete and the main provider of mechanical properties. Lightweight concretes with foam-glass aggregate can also be used in places where ordinary dense concrete is unsuitable, e.g. lightweight structures, thermal insulation and eliminating thermal bridges [3] , improving fire resistance [4] , etc. It still preserves all of the benefits of concrete, the most important being its mouldability.
Test mixtures and methodology
The used in this research was of a 4-16 mm fraction (particle size of 4 to 16 mm). This fraction was used in the manufacturing of the experimental lightweight concretes with open structure. Drawing on previous research, the mixtures of the new concretes were designed. There were 7 mixtures in total, out of which mixtures 1-5 contained no fibres and differed in binder content, which descended from 250 kg/m 3 down to 100 kg/m 3 . Mixtures 6 and 7 contained recycled PET fibres provided by CIUR a.s. at the amount of 5% of cement weight. Plasticiser content was uniform in all mixtures as well; 0.8% of cement weight. Table 1 shows the composition of the mixtures.
The lightweight concretes were observed for key properties so as to compare their mixtures in fresh and hardened state. The basic properties to be observed included fresh-and hardened-state bulk density, compressive strength, and thermal conductivity.
Mixtures were produced according to the formulae described above. The following tests were performed on the fresh mixtures:
• Determination of consistency in fresh concrete EN 12350-2 [5],
• determination of bulk density in fresh state EN 12350-6 [6] .
And in hardened state:
• determination of bulk density in hardened state EN 12390-7 [7] ,
• determination of compressive strength EN 12390-3 [8] ,
• determination of thermal conductivity coefficient EN 12667 [9] (according to ISO 8301),
• determination of sound absorption coefficient ISO 10534-1 [10] .
The recycled PET fibres had the thickness of ca. 13 µm and length of 6.3 mm. Figure 1 shows a recycled PET fibre.
Results and discussion
The new lightweight concretes with open structure were first tested for consistency [5] and bulk density in fresh state [6] ; the values are listed in Table 2 and in Figure 2 .
It was necessary to watch the consistency because of the danger of cement paste segregation due to the great difference between the bulk density of both materials. This is why the cement paste consistency was set so as to ensure that all the foam-glass particles are completely coated in the paste without it flowing through and accumulating at the bottom.
Once correct consistency was determined, attention was paid to measuring hardened state properties, primarily compressive strength [8] and bulk density [7] . Table 3 shows the measured values. Figure 3 shows the values of compressive strength and bulk density in a hardened state. The reduction of binder content, which entailed reducing cement content from the original 250 kg/m 3 (mixture 1) down to 100 kg/m 3 (mixture 5), which is more than a half, resulted in a loss of mechanical properties, making the concrete poorly bonded and prone to crumbling. Looking at mixture 7, the combination of 100 kg of Portland cement with recycled PET fibres improved the concrete's bond and compressive strength, which reached 1.2 MPa. The benefit of the fibres is clear in this case. A similar effect can be seen in mixtures 4 and 6, both of which contained PET fibres and thus profited from an improvement in mechanical properties, specifically compressive strength, by more than 100%.
Next, the hardened concrete specimens were tested for steady-state thermal conductivity by the hot plate method (at a mean temperature of +10°C and a temperature gradient of 10°C) [9] . Before that the test the specimens were dried at 105°C down to stable mass. The results are listed in Table 4 and plotted in Table 4 . Thermal conductivity coefficient of lightweight concrete in hardened state.
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Using secondary raw materials in lightweight open-structure concrete. . . The results of thermal conductivity tests do not show any major effect of the fibres on thermal conductivity. As could be expected, however, what matters more is cement content.
The last parameter was the sound absorption coefficient, which expresses how well a material can absorb incoming acoustic energy. The measurements were performed using an acoustic interferometer according to ISO 10534-1 [10] . The measurement was made within 100-6300 Hz in one-third octave bands.
The measured values were used in the calculation of single-number values of sound absorption DL α [dB] in accordance with results are listed in Figure 6 . The progress of the sound absorption coefficient is plotted in Figure 5 . The results show that mixtures 2 and 6 perform the best.
Conclusions
Lightweight crushed foam-glass aggregate can be used for manufacturing open-structure concrete with a good ratio of thermal insulation and mechanical properties. The results show that a reduced amount of cement results in poorer mechanical properties, but better thermal insulation. Reducing the cement content down to 100 kg/m 3 resulted in a weak, insufficiently bonded concrete.
The addition of recycled PET fibres to the mixture with 130 kg of cement raised its compressive strength by 125% from 0.8 MPa to 1.8 MPa. Mixture 7 with 100 kg of cement and PET fibres had compressive strength of 1.2 MPa. This corresponds to a mixture without fibres with a cement content of ca. 140 kg of cement. It can thus be said that the addition of PET fibres brought a dramatic improvement of the concrete's properties and enabled a significant reduction of cement content without damaging the mechanical properties. In mixture 7 the reduction of cement content and addition of fibres further reduced the concrete's thermal conductivity. Its final value was 0.1013 W/(m·K), which makes this concrete suitable for constructing structures with excellent thermal insulation properties.
The newly developed lightweight concrete also shows very good acoustic properties (compared to ordinary dense concrete); mixtures 2 and 6 performed the best in this regard.
